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PART I 
INTROLuC'l'ION 
Hemoglobin, the essentia~ constituent of the red blood cell 
has long been a subject of study by many investigators. All who 
have worked with blood have noted the remarkable constancy of 
these elements. It is evident that factors of great importance 
are always acting to maintain these levels at values which we 
accept as "normal" for our species. 
Destruction of erythroid elements will not be considered in 
this paper due to the constancy of their life span. It is well 
known that certain changes occur within the cell that render it 
susceptible to destruction after a mean life span of 120 days. 
Knowing this, and realizing the regularity of the red blood cell 
level, one may conclude that some mechanism exists which causes 
a daily production of red cells equal to eight-tenths percent 
of the total circulating red cell mass. 
Man is not alone in his ability to maintain a relatively 
fixed level of circulating hemoglobin. Although there are dif-
ferences in size, number and morphology of red cells in lower 
vertebrates, the ratio of red cell mass to plasma is suprisingly 
constant; as is the amount of hemoglobin per unit volume of 
blood. 1 
The purpose of this paper is to ascertain whet mechanisms 
are involved in the homeostatic control of the circulating hemo-
globin level. F~ny theories have been advanced, some have been 
long since discarded; others still offer some attractive features. 
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1 .. 1any modifying factors have been found ,which, although not giving 
the complete answer to the problem, are adaptations to the envir-
onment. These factors and the various theories presented will be 
di scus,;ed. 
In order that there be ideal conditions for the diffusion of 
gases from red cells, all the hemoglobin molecules must have com-
plete freedom of rotation.2 Considering the large size of the 
molecule end the feet that 70% of the cells volume is occupied by 
water,3 the concentration of hemoglobin in the red cell is sur-
prisingly high (34%). This indicates that the molecules are 
packed very closely. In feet, any increase in concentration 
would lead to mutual hinderance in the rotation of the :;:olecules, 
causing advE-rse effects on gas diffusion. This represents an-
other aspect of the ever amazing ability of the body to con-
serve on materials --- placing the greatest amount of hemoglobin 
in the least number of red cells. Due to the close correlation 
between red cells and hemoglobin level in the healthy subject, 
changes in one will cause proportional changes in the other, 
and homeostatic control of one neceEsarily implies control of' the 
other. 
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PART li 
diYSlOLOGIO VARIA'l'IO.l:'lb: 
Climate, Temperature, Season 
It has been notic~c thet e. slightly higher hemoglobin level 
exists in persons living in tropical areas. 'l'here seems to be 
eorre question whether this difference is real or apparent, how-
ever, most investigators feel these factors have no significant 
effect on hematological findings. 1 ,4 
Height and Weight 
The red cell count, hemoglobin and hematocrit tend to be 
higher in heavier and ta1ler individuals. A recent sturly,5 re-
lating red cell volume to body density and obesity, shows that 
the amount of blood associated with fatty tissue is about two-
thirds that of lean tissue. Thus, obese people have lower 
blood values than muscular individuals of the same size and shape. 
l-luscular Activity 
Some confusion exists as to the manner in which this fee-
tor affects the hemoglobin level. ~introbe, in works published 
26 years apart, states: (1) that muscular activity increases the 
peripheral erythrocyte count6and (2) finds it to be associated 
with a decreased blood cell count! It has been found, using 
radioactive tracer techniques, that the actual red cell mass does 
not change with work.7 One may postulate that any change observed 
is not due to increased production of red cells, but to shifts in 
fluid balance or to redistribution of circulating red cells al-
ready present in the body. 
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Diurnal Variations 
Early literature reported daily variations in the red cell 
count as greet as one million, with hemoglobin changes of )0 
percent. Recent investigations indicate, oiurnal variations do 
not exceed 4 percent of the mean daily hemoglobin under normal 
conditions of activity. With complete inactivity, there is little 
or no diurnal variation in red cell count or hemoglobin. The 
fiuct.uatxms that do occar can be accounted for by variations in 
fluid intake, exercise, and diet. 
Psychic F'actors 
Ferrari6 in 1897 was the first to study the influence of' 
emotional excitement on the red cell count. He found that an 
averaze elevation of 0.46 million per mm3 occurred in students 
after a written examination. A comparable experiment in cats 
showed similar results. These changes failed to occur after the 
\ 
adrenals were removed. 
A syndrome of 11 stress erythrocytosis 11 has been reported and 
is characterized by a florid appearance with moderate and per-
sistent polycythemia. It occurs in individuals who are mildly 
psychoneurotic or who sho'fl some significant anxiety stat~. This 
may be due to a chronic adrenal dischar~e. F'urther discussion of 
the adrenal is included under Part III. 
Age and Sex 
The greatest normal variation of the blood constituents is 
related to age. At birth, average values for hemoglobin, hemato-
crit and red cell count (blood formula) are 19.5 gm.%, 54%, and 
- 5 -
5,000,000/~, respectively. However, great devietions from the 
norm are frequently seen. The~e may be explained by: (1) degree 
of intra uterine anoxia, (2) the time at which the umbilical cord 
is clamped, (') site of collection of blood specimen and (4) loss 
of body fluids. 
Due to increased red cell size (MCV equals 106-109 micra 
mean diameter equals 8.25-8.63 micron) 1 the hemoglobin and packed 
red cell volume is higher at birth than later in life. Shortly 
after birth, the red blood cell count and hemoglobin levels begin 
to fall, reaching their lowest level at about the sixth to the 
twelfth week. (See Figure 1). 
Accompanying the fall in red cells, reticulocytes practically 
disappear from the blood stream.B This is probably the res~lt of 
a physiologic decrease in hematopoiesis during the time when there 
is a surfeit of red cells. 
There is a rise in the blood formula until puberty, at which 
ti~e both sexes have blood values identical with adult females.9 
Henceforth, the values of young men continue to increase, while 
those of the female remain fairly constant. 
Iviany workers have found a progreE sive decrease in red blood 
count, hemoglobin and hematocrit in males past the sixth decade 
of life. These values approach those found in the female.and 
have been explained by some on a nutritional basis. however, not 
all investigators have been able to show this change with age. 
It is well established that women have lower values for 
their erythrocyte formula then men. It is noteworthy that the 
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difference does not manifest itself until puberty. It is not 
known ~heth~r this is due to hormonal inf uences or to the period-
ic blood loss in the female. As yet there is no real correlation 
between menstrual periods and the fluctuatione of blood picture. 
'l'he hormonal effect will be discussed in detail in a later section. 
Miscellaneous 
An exhaustive analysis10 has been made on a group of healthy 
college students to ascertain if a relationship exists between 
hemoglobin levels and such variables as pulse rate, ratio-of um-
bilical to chest circumference, number of dental fillings, posture, 
order of birth, presence and number of hemorrhoidal tabs, etc. 
The only factor which seemed to have eny degree of correlation 
was that of pulse rate; even this was questionable. 
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PART III 
THbORI~S ON ~RYTHRO?OIETIC STlXULATION 
Spleen 
In vertebrates from the lower fishes through the amphibia, 
the spleen is the f.undamental erythrocytogenic organ. In rep-
tiles and birds, and even in certain mammals (bat, hedgehog, 
opossum) it maintains some degree of activity as a eite of red 
cell production.ll Also, in the mammalian embryo, the spleen 
?lays a role in erythropoies~s. under certain conditions in 
adult mammals, the spleen can again become a site of extra:med-
ullary bloocl formation. This has led some investigators to be-
lieve that the spleen secretes a hormone which exerts some 
effect on hematopoietic tissue. 
In reviews of the literature on the "Splenic Hormone" one 
readily notes the conflicting opinions on the subject. Some ex-
periments show that oral administration of Splenic tissue retards 
blood formation, others show that injections of splenic extracts 
stimulate erythropoiesis, while still others have found that 
they are completely benign as regards blood constituents. 
Ablation studies on this orgen, followed by an artifically 
produced anemia, or lowered barometric pre" s.ure, show that the 
response of' the splenectomized animals is identical to that of 
normal controls.l2 
COv~~~T: Despite the important role of the spleen in lower ver-
tebratEs, it appears that evidence for an endocrine function is 
meagre and that the nature of its rol~ in postembryonic human 
hemopoiesis is poorly established. 
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Endocrine Glands 
Gonads 
A sex difference in the concentration of hemo{lobin and num-
ber of red blood cells has been well established for human adults. 
1xact figures vary, but all authors agree that tbt values for the 
male arc. significantly higher then for tht. female. (Ste Figure 1). 
It is diffic~lt to attribute this difference to blood losr from 
menstruation for a wide variety of mammals and even birds which 
have no menses have a well substantiated sex difference. 13 In a 
previous section of this paper, it was pointed out that no dif-
ferencc exists between the blood formu a of boys and r.irls up to 
the time of puberty. Also, the values of the male approach that 
of the female efter the climacteric. Such findinFs suggLEt the 
possiblity that the sex hormones may play a role in hemopoiesis. 
A mild anemia exists after castration in the male hamster, 
rabbit, rat and chicken. 'Ihe anemia produced is always hypochro-
mic and microcytic •11 '13 The administration of androgens has 
prov~n effective in restorying the blood levels. Studies on eun-
uchoid men show findin~s similar to those above. 14 Gonadal able-
tion in the female gives transient fluctuations, but normal fe-
male levels are reached by 6 weeks post ovariectomy. 
Testosterone propionate, injected into norwal rats, dogs, 
and monkeys, increates the red cell count, while estrogen, in 
1 d . ' k d . i d . . 15,16 ,. k arge oes lnauces mar·e anemla n ogs and m1ce. Moneys 
seem to be mure tolerant of similar doses, and hematological 
complications resulting from estrogen therapy are rare in the 
human species.11,13 
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OO~~T: It seems clear that castration or the injection of sex 
hormones produces alterations in the amount of red cells end hem-
oglobin. T'he magnitude of these changes, however, is not suffi-
cient to suggest that we are dealing with the essential mechanism 
by which the formation of these blood constituents is regulated. 
Rather, the action of sex hormones might be an adjusting mechen-
ism f0r the level of plasma iron. It has been eho.,.;n that (1) the 
plasma iron of normal melee is greater than females,la (2) a ~ic-
rocytic, hypochromic anemia (iron deficiency picture~ results 
from castration of male animals, ()) 'tiorr:en 1 s hetLOglobin can be 
temporarily raised to male levels by iron therapy. These findings 
lend support to the above postulation. Observations that sex dif-
ferences in he:Loglobin levels exist in animals vihO do not undergo 
menstruation mitiga~e against the theory that human variations 
ere due to chronic iron deficiency from cyclic blood loss. 
Thyroid Gland 
A relation between this gland and erythropoiesis is sugges-
ted from the following evidence. Anemia is a common finding in 
myxedema and cretinism. 1hyroidectomy produces anemia in men 
and a number of laboratory animals. The administration of thy-
roid hormone usually suffices to restore normal values. (' . ...orne l.n-
veetigetors observe en erythrocytosis with spontaneous or exper-
imentelly produced hyperthyroidism, but the majority of reports 
show normal or slightly low blood values.ll The bone marrow shows 
decreased activity in the hypothyroid state, which seems to be con-
sistent with the diminished activity of other bodily functions. 
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OObl~'l': The anemia of hypothyroidism should probably be regarded 
as an adaptation to diminished metabolism, and is a physiologic 
compensation for the decreased need of oxygen in this state. 
Adrenal Gland 
Addison's description of anemia accompanyinF adrenal cortical 
disease represents the earliest indication of a relation between 
this gland and the morphological constituents of the blood. Adren-
alectomy in animals is followed by an apparent increase in the red 
cell count. This is more likely <i.ue to hemoconcentration than to· 
a direct efiect on erythopoiesis. When these animals are maintain-
ed on a 1% solution of sodium chloride as drinking water, a decrease 
11 
of 20 - 25% in p~ripheral red cell count occurs. Adrenal insuf-
ficiency in humans also produces polycythemia, but restoration of 
bl ' 1 t 1 l d f. . t . l3 b ooa vo uwe o norma revea s a e 1n~ e anem1a: one marrow 
hypoplasia has been reported. 
Polycythemia is a frequent, but not constant, finding in 
Cushing's syndrome. 'l'h.e abnormality is usually mild and asymp-
towatic. Some. degree of polycythemia has been noted in humans 
given large amounts of cortisone or related compounds,lb however, 
this bas not been univasally observed. Animal date supporting 
the abov~ mentioned artificially produced polycythemia has been 
collected, but unfortunately is invalid since blood vol\llje stud-
ies were not performed. 
Adrenal demedullation is without inf:uence on the !orffied 
elements of the blood. hyperfunction of' thee adrenal medulla prob-
ably accounts for the 11 strEes erythrocytosis" syndrome lllentioned 
before. 
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Cu~~~T; The underlying defect of the anemia in Addison's dis-
ease is probcbly due to metabolic disturba~ces. It hes been re-
portedl7 that the basal meta~olic rate in this diseaEe is often 
between minus 10 and minus 20%, thus likenin[ this disease to 
hypothyroidism. 
Pituitary Gland 
The r.ypophysis, being the so-called master gland of the body, 
may also regulate the formed elements of the blood. 
Anemia develops after removal of the pituitary gland in every 
animal that has been studied,including the human. Studies using 
radioactive iron have shown that extirpation of the posteri.)r and 
intermediate lobes causes no change in hemoglobin concentration, 
hematocrit or the circulating red cell mass. 1P Although an 
anemia can be produced with large dases of posterior pituitary ex-
tract, dehydration of the animal prior to treatment prevents the 
anemia. This effect may be explained by the hemodilution caustd 
~y antidiuretic hormone. The paradoxical action of small doses 
of the extract {production of polycythemia) is interpreted as 
being caused by bone marrow anoxia from the vaso constricting 
effect of the compound. 
These findin::-s implicate the anterior lob<: of the pituitary 
as the main factor in the production of anemia seen with hypophy-
sectomy. This anemia is microcytic, hypochromic and always esso-
ciated with rcticulopenia. The degree of anemia ?reduced usually 
stabilizes in two months at values approximately 30% below normal. 
Accompanying these changes art. other evidences of deranged metab-
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olism --- namely: a 20 to )0 p~rcent loEs in body wei[ht, and a 
reduction in basel metabolic rate of about 30 percent. 11 
Increased destruction doec not seem to be important in the 
anemia produced, for the life span of red cells has been shown to 
be norma 1.19 
Several investigators believe that the anemia is the result 
of an upset in general metabolism rather than a consequence of 
the removal of any specific erythropoietic factor. ·wvhen hypophy-
sectomized animals are presented with in~ults to the erythropoiet-
ic system (ie, hemorrhage or lowered barometric preEsure) their 
response is similar to control groups. 11 The belief that derang-
ed metabolism was the cause of the anemia led to investigation of 
replac·eu:.ent therapy for its _::;revention. 
Growth hormone has no effect on restorin; blood levels; 20 , 21 
however, the anemia of combined thyroidectomy and edrenalectomy 
mimics, in every respect~ the anemia of hypophyseetomy.22 Rats 
treated with thyroxine and cortisone, though reaching near-normal 
levels, still had slightly reduced hemoglobin values.23 The ther-
apy that adequately treeted a:1 ~Epect of the anemia consisted of 
thyroxine anci anclroe;E:.n with a high protein diet. 24 
COl11iJ.VU:..NT: There is no doubt that the hypgphysectomized animal has 
a decreased numb~r of red cells and hemoglobin concentration as-
cribed to absence of the anterior lobes. These changes do not in-
dicate any specific defect in erythropoiesis but rather are a part 
of the generalized change in physi9logic status. Correction of 
the anemia with substances othEr than anterior pituitary extract 
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is evidence refuting the hypothesis that the pituitary controls 
erythropoiesis. 1he integrity of the erythropoietic mechanism is 
shown by the norme l responses to adequatE> stimul8tion. The pre-
ponderance of evidence indicates that the regulation of blood 
formation is not primarily under endocrine control. 
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Role of Oxygen 'I'ension 
Bone V~rrow Anoxia 
The fundamental stimulus for erythropoiesis in the adult 
mammal is generally considered to be anoxia. Since the red bone 
marrow is well established as the site ·of eryti:lrocyte formation, 
it has been inferred that anoxia of the bone marrow is the specif-
ic requirement for the ini t.iation of erythropoiesis. The evidence 
for marro-w anoxia is indirect, and is derived from the association 
of accelerated erythrppoiesis with the lo-w arterial p02 present 
during periods of generalized anoxic states. 
The first hypotheses on this subject suggested that a constant 
degree of anoxia existed at all times in the bone marrow, thus 
providing constant stimulation for erytt:roid activity. It was 
further suggested trAt an increased degree of anoxia was present 
at high altitudes, thus producing polycythemia. Investigations 
aimed at clarifying this theory have shown that oxygen saturation 
and oxygen tension of bone marrow, although markedly decreased im-
mediately after a single hemorrhage (.?0~~ of the total blood volume), 
returned to normal values in.? to 5 hours. 25 1ven this evanescent 
decrease may be prevented b;/ repeated small hemorr~ages over a 
period of mooths.26 The values for oxygen saturation remained 
within normal levels during the entire period of blood regenere-
tionj showing that anoxia is not essential for blood formation. 
A micro-method was used in these bone marrow analyses, requiring 
only 0.15 millil~ters of blood since larger amounts showed evi-
dence of being increasingly diluted by peripheral blood. 
/ 
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Bone marrot,J anoxia has also been implicated aE en important 
factor in )Olycythemia vera. E.vidence accumulu teci b~ ti1e micro-
technique sho't<s that the marro't< of patients 't<itb t~:is disease had 
an 02 saturation of 88.)~~ which is actually high:r than that of 
1 ( 8 8a1) 27 centro s 7 . ~ • Also the arterial-bone marro't< oxygen differ-
ence vms significantly le~:s. This means U:at there is either an 
increa~ed blood flow through the marrow or else an actual decrease 
in oxygen utilization by the marro't<. It Eho~lri be pointed out 
that this disea~e cannot be correlated to any horu:;anal, nutri-
tional or metabolic malfunction and has been regarded by some as 
a primary disease of the bone marrow which behaves like, enc in-
deea might be, a tumor of t'nis organ • 
.Not having found tht primary mechanism for the control of 
the circulating hemo[lobin l~v~l in bone marro~ anoxia, nor in 
the endocrine system, research was then focusea on a cellular 
level. 
r-iost investigators now feel that the pria;e element is the 
tissue tension of oxygen. 28 This theory was advBncnl b,y etudie s 
of dilution anemia29 (increasing the blood vol~,;xnc of rab':.its 507~ 
~ith dextran). Lespite the reduced oxygen content of each unit 
of blood, no increased erythropoietic activity ~BE seen. Since 
cardiac output is incr~ased in hypervolemia, the conclusion that 
con bt drawn froa:; ti'liE experiment is that a normal amount of 
oxygen is delivered to the tissues, and no anoxia results. 
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Transfusional polycythemia causes a depression of red cell 
turnover;o as does a high concentration of inspired oxyt;cn.3 1 
In the rat, an induced plethora of double the normal red count 
produces e greatly diminished radioactive iron incorporation in 
red cells along with a decrease in reticulocytes (from 4.2% to 
This concept of a plethoric state causing n decrease in 
erythropoiesis way nell serve to explain the greatly diminished 
reticulocytes and red cell production occurring in the hypophy-
sectomized animal. These animals, es explained before, have a 
relativE excess of red blood cells in comparison to the new low 
level of body metabolism resulting from the operation. 
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ERY'l'hRCIPOil:.T lC FACTOR 
If tissue anoxia is the actual physiologic rnechaniEm for 
stimulating hematopoiesis, then a humoral factor must be ~;resent 
which will convey the substances from tb.~ tiEsut.s to th.c site of 
blood production. 
The first mention of such a factor was made in 1906 by 
Carnot and Deflandre, who injected 9 cc. of blood from an anemic 
rabbit into normal rabbits, and noted a sli;:;ht increase in red 
cells. 'l'hf; donor animal ;.;as rendered anemic by bleE:ding. This 
original observativn stimulated a series of investigations, all 
following this genera 1 pattern. Only r~cent ly has any convinc-
ing evidence accumulated in support of the original work. Numer-
ous attempts have been made to demonstrate the presence of an 
erythropoietic factor in plasma, but 2 errors in the design of 
the experiments performed render. •. the results unconvincing. 
l''irst, it was assumed that the presence or abser.ce of an unknown 
substance in the blood could be shown by injecting small amounts 
of plasma into relatively large recipient animals. Second, it 
was assumed that heterologous plasma could be safely injected. 
No attention was paid to the species-specific reacting substances 
present in all animals. Results from this type of experiment 
are almost impossible to evaluate. 
Indirect evidence haE- inferred that a humoral factor docs 
exist in the blood of anoxic animals. Some of this evidence is 
cited below. 
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An ingenious experiment was devised using parabiotic rat 
pairs in which only 0.64% of the total red cell mass was exchang-
ed per minute between each pair. une partner was exposed to an 
oxygen-nitrogen mixture of gas containin[ e volumes percent oxy-
gen while the other was breathing normal air. 1be exchange of 
blood between pairs was s~all enough to maintain different levels 
of oxygen saturation in the blood of the two animals. It was 
found that the amount of nucleated red ce.i.ls in the bone marrow 
of the 11 normal" rat approached levels only slightly less than that 
of the anoxic partner. 'l'hese levels were significantly higher 
than those obtained when both partners breathed normal air. This 
suggests that a factor is produced in the anoxic animal and humor-
ally transmitted to the normal ?artner, stimulating erythropoiesis. 
Another experiment34 attempted to show the presence of this 
factor in the milk of anoxic lactating mothers. Rats were placed 
in low pressure chambers ()00-400 rnm. Hg.) for 6 hours each day 
beginning 3 - 4 days post partum. The hematocrits of these anox-
ic rats (56%)· was higher than control animals (48.5%), while the 
nursing young showed a corresponding increase in hemoglobin levels. 
Though interesting, this report must bt: viewed witt. reservation, 
for the hemoglobin values of newborn animals are notoriously var-
iable. 
Two human ceses having patent ductus arteriosus with revers-
al of blood flow leading to secondary polycythemia have been re-
ported}5,36 In both patients the patent ductus was distal to the 
left subclavian artery, so the upper half of the body was normally 
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oxygenated, and the distal half was receiving only partially sat 
urated blood (See Appendix, page _g§_). One cannot place much 
.significance in the reported values for bone marrow oxygenation 
since micro techniques were not used, but the blood values can be 
accepted. The oxygen saturation of brachial art~ry blood wes nor-
mal and significantly greater than femoral artery blooc. Bone 
marrow studies revealed that sternal marrow we s as hyperplastic 
as iliac marro\>1. 
If low oxygen saturation of blood or bone merrow -v.;ere the 
primary stimulus to erythropoiesis, one would expect the sternal 
marrow to be normoplastic and the iliac marrow to show hyperplasia. 
This not being the case, the findings in these 2 reports infer 
that a humors 1 factor is transmitted from anoxic lower portions 
of the body to the marrow of the upper body stimulating erythroid 
proliferation. 
After reviewing a 11 previous work, E.rslev37 cone lucied that 
failure of pre~ious investigators to demonstrate an erythropoiet-
ic factor was due to their use of inadequate q~.<antities of plasma. 
The amount of plasma he used over a 4 day period doubled the 
blood volume of the recipient animals (~00 ml.), and the results 
were reported as an increase of all blood ;aremeters. This work 
has been praistd by subsequent investigators. It is surprising 
to note that blood volum~ studies were not included in the exper-
iment. F'urthermore, the rise of the blood elements, except for 
reticulocytes, did not exceed the rang~ of normal. This leads 
one to question the usefulness of large quantities of plasma to 
demQnstrate erythropoietic factor. 
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A subsequent similar study)8 was done on monkeys, using the 
same total dosage: that was found to be eff'ectiv~ bJ Ershv in 
rabbits (6.1 - 10% of the body weight). A very minimal increase 
in reticulocytes (from 1.0% to 3 .5%) was found, with no other 
changes. Although this was considered significant, the results 
sEen are not striking. 
Even the urine of animals that were bled to anemic levels 
has been implicated39 as a source of an erythropoietic factor. 
Anemic rab}4t urine was injected et a dosage of 10 ml/Kgm. body 
weight into rabbits that had been bled one percent of their body 
weieht. Figuree were not given in the results, yet, it was stat-
ed that hemoglobin wee regenerated faster in those animals given 
"anemic" ra~bit urine than those given normal urine. It is sur-
prising that any results were obte.ined since the investigators 
paid no heed to tonicity and pH of the urine. 
Although ~introbelc states that "an increase in the number 
of reticulocytes in the circulation is the surest index of accel-
erated hematopoiesis", he also states that certain factors can 
cause a reticulocytosis via an irritant effect, with6ut a con-
comittant ri&e in red cells. It would appear that th~ studies 
whicL shoTAed an increase in reticulocytes with no other blood 
changes, should be accepted with some reservation. 
To achieve a true impression of the actual process of 
olood regeneration, one must then turn to methods which are sub-
ject to lees error, such as the radioactive iron technique. It 
has been shown that radioactive iron is removed fro~ the plasma 
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in 4 to 6 hours after intravenous injection, anci that it does not 
exchange with the iron that is already present in red ce~ls, nor 
is it ad sorbed on the surface of the wature erythroc;,;te. The 
tracer begins to be incorporated into the maturing red cell short-
ly after injection. The measured radioactivity in samples of 
blood is therefore an indication of the amount of radioactive 
iron contained in newly formed erythrocytes. This value may be 
taken as a direct indication of the rate of erythropoiesis.40 
The first use of this technique as applied to this problem 
showed gratifying results. When an amount of plasma from anemic 
(bled) rats equivalent to one half of the recipient's blood vol-
ume was injected, a 60% increase over control uptake values was 
seen.41 Unfortunately, the controls were given saline rather 
than normal plasma, rendering these results controversial. 
On the basis of these rather tenuous inferential results, 
numerous investigators attempted to isolate an erythropoietic 
extract from the blood of anemic animals. A method for obtain-
ing a protein-free plasma extract (PFPE) was devised by Borsook42 
and has been used extensively. In essence thiP technique consists 
of acidification, boiling anci concentration ll•ith subeequent re-
constitution to the initial volume of the plasa1a. This extract 
permits cross-species injections; using smaller recipient animals 
so effects may be more easily studied. 
Using PFPE from rabbits rendered anemic by phenylhydrazine, 
Borsook42 injected rats, subcutaneously, every day for seven weeks, 
using an amount equivalent to one third to one fifth of their blood 
/ 
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volume. Hemoconcentration ~as ruled as a variable, since the 
blood volume increased over this period. Reticulocytosis end a 
slight rise in hemoglobin ( 14:-17.2 gm.%) occurred. A mort marked 
rise in hematocrit (48-55.1%) and nd cells (9. 7-12.0 million/m~) 
was seen. These all reached their peak values at about the sec-
ond week of injections; control levels were reached by the fifth 
week after the injections were stopped. 'This is consistent with 
true stimulation of the bone marrow since the life sp2-n of the 
rat 1 s red cells is arproximately forty to fifty days. A cuntrol 
group was given Kreb 1 s solution (an isotonic solution of the in-
organic salts in plasma) ~hich is unfortunate for this makes it 
difficult to state definitely that the values obtained ~ere due 
to the erythropoietic factor in the anemic rabbit 1 s PFPE. 
Another group,ll) using the same technique with the PFPE.. of 
phenylhydrazine treated rabbits and rat recipients, reported 
almost identical results with much less extract over a period of 
only eleven days. However, the controls were ;c_;iven saline. All 
values decreased to slightly above control levels by two weeks 
after cessation of treatment. This is inconsistent with true 
erythropoietic stimulation. Perhaps hemoconcentration was the 
major factor in this so-called 11 hcmatopoietic response". 
As ~reviously discussed, the hypophysectowiz~d aniffial reacts 
erythropoietically similar to an animal with transfusional poly-
cythemia, where erythropoiesis is decreased to a minimum and 
reticulocytes practically non-existent. Luring the post-operative 
course, until the erythroid formula stabilizes at a new level, a 
f\ 
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ten-fold reduction in the red cell incorporation of radioactive 
iron can be deu::onstrated.44 Recent evidence shows that these an-
imels are extremely eensitive to plasma from anemic (bled) donors 
and will, with only a small stimulus (one-tentn of their blood 
volume), respond with a three to seven fold incna se in iron 
. . 45,46 turnover, and a three to seven fold lncrease in retlculocytes. 
This has been suggested as a sensitive test for the presence of 
an erythropoietic :factor. This method he s also been used to dem-
onstrate the exista nee of such a factor in "anemic 11 PFPE. 47 
That the hypophysectomized animal in not completely devoid of this 
factor is shown by challenging its homeostatic balance by hemorr-
hage, and testing its plasma for evidence of erythropoietic activ-
ity in e similar animal.48 
Efforts have been made at identification and isolation of 
this factor,49,50,51 but all results are iriconclusive. 
Few studies have been made c )ncern~ng the site of production 
of' the erythropoietic substancE:. Organ injectione have shown 
that the factor is not concentrated in the liver of anemic (bled) 
animals,52 but it me.y play an important role in the regulation of' 
blood levels. In the anemia produced by phenylhydrazine treatment, 
only those animals with extreme liver damage at autopsy showed 
significant erythropoietic activity.53 Perhaps the liver acts 
by a detoxification or conjugation mechanism. Neither nitrogen 
mustard54 nor severe X-ray treatment55 have. any effect or.; the pro-
ciuctiun of erythropoietic factor, so it is moet likely not pro-
duced in lymphatic, hematopoietic or other nitrogen-mustard sens-
itive tissues. 
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Four etudies attempting to demonstrate a circulating eryth-
ropoietic factor in humans have been reviewed and are summarized 
..::· 
below. ~one have shown conclusive evidence that such a factor 
exists. 
l. Italian investigators56 injected serum from 2atients in 
early stagLs of therapy for severe anemias (includin£ Pernicious 
anemia) into human recipients. 5erum was taken at the time , 
when reticulocytosis in response to therapy was most marked. 
They reported marked erythroid stimulation (neither ~ethods nor 
actual de.ta ~re presented.) 
2. Plasma, from erythroblastotic nt:wborns, was given to men-
tally deficient infants, ages 10 days to 10 months. The only re-
sponse observed by Seip was a transient rise in reticulocytes, 
lasting but 24 hours.57 
). 1:.merson58 transfused plasma from a patient with secondary 
polycythemia into a normal subject. No erythroid st.imulation was 
produced. Blood volume studies showed only a traneient hypervol-
emia. 
4. Injecting rats with PFP1 from patients with primary and 
secondary polycythemia, Linman and Bethell59 noted evidence of 
increased red cell count (8 .) to 12.7 million /a:.rJ) anci a signif-
icant reticulocyte response (3% to 10%). hemoglobin and hemato-
crit remained fairly conEtant, and a definite microcytosis was seen. 
The mean corpuscular volucne dropped from 53·9 to 35.6 cubic micra, 
and reaclled its lowest ebb at the end of' the third week, which 
was the le.et week of injections. This occurred when the erythro-
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cyte count was at its peak. \'iithin a week, both the !VICV and the 
red blood cell count returned to normal. 
The same group, using anemic PF'PE, showed a similar phen-
omenon in which the lili.JV decreased from 41... 7 to ,?0.6 cubic micra 
over a three week period. These levels,·also returned to basal 
values within one week. Retrospective study of Borsook 1 s data42 
shows a similar finding of microcytosis. 
CO~~ffiJ~T: These changes have only been noted in rats injected 
with PFPE. It is cioubtful that any substance can stimulate the 
production of small red cells with a life span of only one week. 
This phenomenon cannot be explained on the basis of present know-
ledge, and furth€:r investigation is in order. 
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The major thou8hts and theories on homeostatic control of 
the circulating hemoglobin level have been presented. 
The spleen, Galen's 11 organ of myetery", oGce thought to 
be the primary factor in the control of erythropoiesis, has been 
shown to hav~ no effect on blood 2roduction. 
Theories have been advanced for an endocrine control of 
blood formation. The absence of the thyroid, adrenal and pitui-
tary glands causes an anemia, but a total absence of erythro-
poiesis does not occur. The anemia is probably due to a general-
ized decrease in metabolism ratha than to lack of any specific 
erythropoietic stimulating substance. The gonads may have a 
modifying influence on the hemoglobin level which is superimposed 
on the basic mechanism of control. 
f.lany observers believed that bone. marrow anoxia was the im-
portant factor in erythropoietic stimulation. 'I'his view was based 
on inferential evidence and, w~en tested, ~a& found invalid. An 
alternate explanation is that anoxia acts as a stimulus to the 
tissues of the organism, causing a substance to be elaborated 
which acts on the bone marrow. 1hough this factor has yet to be 
demonstrated in humans, the theory of a humoral substance stimula-
ting the erythroid bone marrow offers the most u:::eful w·orking hy-
pothesis to explain the homeostatic mechanisms involved in main-
taining the circuleting hemoglobin level. 
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Appendix 
I lO 1.0 'SO .) 5 7 9 ll 1 fr 9 t~ 11 ~OULTS 
...__O~'IS. ..14 11'\0M,.M. ---•• ... 1•---- - - - 'fl:""!a ----..... 
Figure l. Normal curve for Hemoglobin, Red Cells and Volume of 
Peck€d Red Cells, from birth to Old Age. (Graph plotted from 
date in Wintrobel.) 
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Appendix 
Data from patients with patent ductus arteriosus. 
Oxygen Oxygen 
content saturation 
Case /il :'5'5 
(vola %) (%) 
Brachial Artery Blood 21.2 92.1 
Femoral Artery Blood 10.6 46.2 
Antecubital Vein Blood 17.1 73.8 
F'emoral Vein Blood 4.) 18.6 
Case #2: 34 
Brachial Artery Blood 24.4 96 
Femoral Artery Blood 14.7 57 
Normal Values 
Arterial Blood 19.0 94 
Venous Blood 14.0 72 
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